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Abstract

The effect of Sn:Ti variations on antiferroelectric to ferroelectric phase transition of (Pb0.97La0.02)(Zr0.65Sn0.35�xTix)O3 (x = 0.08–0.11)

ceramics with compositions near antiferroelectric to ferroelectric morphotropic phase boundary was studied. X-ray diffraction showed that all

samples were tetragonal phase at room temperature. With the increase of x from 0.08 to 0.1, all samples showed the typical antiferroelectric double

loops. The critical value EAF of the electric-field induced antiferroelectric to ferroelectric phase transition decreased from 64 kV/cm to 38 kV/cm,

and the electric field EFA of induced-ferroelectric to antiferroelectric phase transition decreased from 44 kV/cm to 10 kV/cm. A high polarization of

the sample with x = 0.1 can be induced with a lower electric filed. The variations of Sn:Ti ratio had no effect on hysteresis of DE (=EAF � EFA), but

DE reduced with temperature increasing. The virgin sample of which x = 0.11 was intrinsic antiferroelectric phase, but the remanent polarization of

induced-ferroelectric phase remained after electric-field was removed at room temperature.
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1. Introduction

PbZrO3 was the first reported antiferroelectrics which have a

high phase transition electric-field of antiferroelectric (AFE) to

ferroelectric (FE). Then, Ti4+, Sn4+ and La3+ were modified into

B site or A site of PbZrO3 for lowering the phase transition

electric-field, and lead lanthanum zirconate stannate titanate

antiferroelectric system (PLZST) were developed [1–4].

PLZST tetragonal antiferroelectrics can be induced to

rhombohedral ferroelectrics by an applied electric-field,

accompanied with nonlinear increase of polarization and strain

[5]. These materials can be applied in high-energy storage

capacitors [6], explosive electrical transducers [7], actuators

[8], pyroelectric detectors [9], antiferroelectric cold cathode

materials [10], ferroelectric refrigeration [11], and so on. In

these applications, materials with a lower external applied

electric-field for antiferroelectric (AFE) to ferroelectric (FE)

phase transition are desired. PLZST antiferroelectric materials

are most attractive antiferroelectric materials these years,

which have a wide adjusting range of AFE and FE phase by
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varying the compositions [12–14]. But most of the PLZST

antiferroelectric materials still show a high phase transition

electric-field which is difficult to induce AFE to FE phase

transition. The materials with compositions near antiferro-

electric and ferroelectric morphotropic phase boundary (MPB)

have the small free energy difference between AFE and FE, and

lower phase transition electric-field [1]. In this paper, the effect

of Sn:Ti variations on electric filed induced AFE–FE phase

transition in PLZST antiferroelectric ceramics near the MPB

was studied for tailoring AFE–FE phase transition behaviors.

2. Experimental procedure

A series of compositions near MPB with varying Sn:Ti ratios

were selected here, and their compositions were shown in Table

1. The starting materials used were Pb3O4, La2O3, ZrO2, SnO2

and TiO2 according to the compositions of Table 1 with an

addition of 1 wt.% excess Pb3O4. The samples were prepared

by solid reaction synthesis. The raw materials were first mixed

and pre-sintered at 900 8C for 2 h, then pressed to 10 mm

diameter pellets and sintered at 1200 8C for 2 h. Phase analyses

of the sintered samples were tested by X-ray diffraction (Model

No. D8, manufactured by Bruker AXS, Germany). Some of the
d.
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Table 1

Compositions with varying Sn:Ti ratios of PLZST antiferroelectric ceramics.

Designation Composition Sn:Ti ratio

A1 (Pb0.97La0.02)(Zr0.65 Sn0.24Ti0.11)O3 24:11

A2 (Pb0.97La0.02)(Zr0.65 Sn0.25Ti0.10)O3 25:10

A3 (Pb0.97La0.02)(Zr0.65 Sn0.255Ti0.095)O3 25.5:9.5

A4 (Pb0.97La0.02)(Zr0.65 Sn0.26Ti0.09)O3 26:9

A5 (Pb0.97La0.02)(Zr0.65 Sn0.27Ti0.08)O3 27:8
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Fig. 2. The variation of polarization with different applied fields of sample A2.
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samples were then polished and covered with gold electrode for

properties measurement. The polarization–electric field hyster-

esis loop (P–E) was measured using Radiant Precision Premier

(Model No. II, manufactured by Radiant Technologies Inc.,

USA).

3. Results and discussion

X-ray diffraction patterns of virgin samples at room

temperature are shown in Fig. 1. As shown, all the virgin

samples (A1–A5) are tetragonal phase according to the existing

of the characteristic peaks (0 0 2), (2 0 2), (1 0 3) of tetragonal

phase, i.e., the samples of (Pb0.97La0.02)(Zr0.65Sn0.35�xTix)O3

with x = 0.08–0.11 are antiferroelectrics.

Fig. 2 shows the polarization–electric field loops (P–E

loops) of sample A2 under different applied electric-fields at

room temperature. As shown, a classic double-hysteresis loop

characteristic of AFE phase was observed, and the remnant

polarization was zero after applied electric-field was removed.

The meanings of EAF and EFA are also given in Fig. 2. EAF is the

critical value of the electric field induced AFE to FE phase

transition, and EFA is the critical value of the electric field at

which induced-ferroelectric recovers to antiferroelectric phase.

DE (=EAF � EFA) is the hysteresis of electric filed induced

phase transition, it represents the thermal stability of FE phase

induced by external applied electric field. Later, we will show

that DE depends strongly on the temperature, which decrease

linearly with the increasing of temperature. In application

design of actuator, lower EAF is desired for small applied
Fig. 1. XRD patterns of virgin samples at room temperature. Insert: enlarge-

ment of the dashed frame.
electric field, and lower DE is desired for small nonlinearity.

Large DE will lead to heating of materials and lever down the

properties of devices, especially at high frequency.

The P–E loops of all the samples at room temperature are

shown in Fig. 3. As shown in Fig. 3(a), the typical antiferro-

electric double hysteresis loops are represented for A2, A3, A4
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Fig. 3. P–E loops at room temperature. (a) A2–A5 compositions. Insert:

variations of EAF and EFA with different Sn:Ti ratios; (b) virgin sample of

A1 composition.
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and A5, the critical values EAF are 38, 46, 51 and 64 kV/cm, the

critical values EFA are 10, 19, 27 and 44 kV/cm, respectively. We

noted the EAF increased as Sn content increased. It is known that

the composition moved further from the MPB with the Sn content

increasing, AFE phase was more stable. As a result, it required a

higher electric field of EAF to induce more stable AFE phase to

FE phase. For the induced FE phase, a high polarization of about

38 mC/cm2 of sample A2 is observed.

We also noted that the polarization of the samples decreased

with the increasing of its EAF. From Fig. 2, the polarization

increased rapidly when the applied electric-field was near EAF,

and saturated gradually when the applied field was higher than

EAF. In measurement, we found if the value of EAF was too high,

the samples were easy to be broken down by applied electric-

field before the polarization reached the saturation state. As a

result, it is difficult to obtain the P–E loops with saturated

polarization for more stable AFE samples.

Fig. 3(b) shows the P–E loop with first cycle of virgin

sample of A1 at room temperature. As shown, virgin sample

was first induced from AFE to FE phase with a high induced

field of EAF = 2.4 kV/mm. Different from other samples, the

polarization of A1 remained after applied electric-field was

removed. Then, a classical P–E loop of FE phase with coercive

field of EC = 0.9 kV/mm was observed. Obviously, the critical

field EAF of AFE phase was larger than the coercive field EC of

FE phase, i.e., the virgin sample was intrinsic AFE phase for

composition A1, which is coincident with XRD pattern shown

in Fig. 1. The FE phase of composition A1 is induced by applied

electric-field, which is unstable and easy to recover to AFE

phase again at some conditions [15].

The temperature dependence of EAF and EFA for sample A2

is shown in Fig. 4. We noted that, with the increasing of

temperature, the EAF changed slightly, but the EFA increased

rapidly. It is known that the FE phase with high polarization is

induced from AFE phase by applied electric field in Fig. 4,

which is unstable, and easy to recover to AFE phase at EFA. As a

result, with the increasing of temperature, the induced FE phase

recover to AFE phase at higher EFA, i.e., the EFA increased and

the hysteresis DE (=EAF � EFA) decreased, as seen in Fig. 4. So,
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Fig. 4. Temperature dependence of EAF and EFA for sample A2. Insert:

variations of DE with different temperatures.
the value of DE represent the thermal stability of the induced FE

phase, higher applied electric field is needed to stabilize the

induced FE phase at higher temperature.

As mentioning above, lower EAF and lower DE are desired for

the application of actuator. On the other hand, higher operating

temperature is not suitable for applications. So, we also tried to

tailor the phase transition properties by composition modifica-

tion. Insert in Fig. 3(a) shows the variations of EAF and EFA with

composition. As shown, the EAF and EFA are remarkably

modified by the change of composition. With decreasing of Sn:Ti

ratio, the lower EAF was obtained, but the EFA also decreased

simultaneously. As a result, the hysteresis DE (=EAF � EFA)

showed no significant change, that means the DE is difficult to be

tailored by Sn:Ti ratio at present case. In our previous study and

other reports [12,16], it was found that DE was related closely

with Curie temperature Tc. Lower DE was obtained by

decreasing Tc and modified with Ba addition in A site. Further

study is still in progress.

4. Conclusion

The samples (Pb0.97La0.02)(Zr0.65Sn0.35�xTix)O3 (x = 0.08–

0.11) with compositions near AFE–FE morphotropic phase

boundary were prepared. X-ray diffraction showed the virgin

samples A1–A5 were all tetragonal phase at room temperature.

With the increase of Sn:Ti ratio, the critical value EAF of samples

A2–A5 increased from 38 kV/cm to 64 kV/cm, and EFA

increased from 10 kV/cm to 44 kV/cm. Sn:Ti variations had

no effect on the hysteresis DE of electric filed induced phase

transition, but DE reduced with temperature increasing. Different

from others samples, the ferroelectric phase of sample A1

induced by the applied electric field can remain after electric field

was removed at room temperature, and the remanent polarization

of ferroelectric phase was about 30 mC/cm2.
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